We propose a liquid-crystal-based reconfigurable chiral metasurface absorber and numerically investigate its chiro-optical properties. The chiral metasurface absorber consists of a metal-insulator-metal structure with the substrate, which can strongly absorb a circularly polarized wave of one spin state and reflects that of the opposite spin, resulting a strong circular dichroism (CD). A birefringent liquid crystal (LC) is exploited to serve as the insulator layer in the metal-insulator-metal structure. We could then vary the circular state of the incident light by controlling the alignment of the LC molecules, hence inversing the CD. The simulation results show that the CD will change the sign as the LC molecules are realigned from 0°to 90°. The absorption efficiency for the specific circularly polarized wave is larger than 80% and the CD is nearly 70%. The simple and compact design of our proposed chiral metasurface absorber is especially favorable for integration, and such a reconfigurable chiral absorber could find many potential applications in biological detection/sensing, polarimetric imaging, and optical communications.
Introduction
Just like the wavelength, intensity, and phase, the circular polarization state of light also plays an important role in light-matter interactions. The electric field vector of a circularly polarized light (CPL) beam travels along a helical trajectory by either clockwise or counterclockwise, corresponding to the left-handed circular polarization (LCP) or right-handed circular polarization (RCP). As known, a CPL beam can be decomposed into two linearly polarized light waves with a 90°phase shift [1] . However, owing to the lack of the intrinsic chirality for conventional photodetectors, it's not easy to differentiate the above mentioned two circular polarization states. Chirality refers to an object's geometry lacking any mirror symmetry plane. The intrinsic chirality inside a material plays a critical role in many chiro-optical phenomena, such as circular dichroism (CD) [2] , optical rotatory dispersion and Raman optical activity. CD is of vital importance in the chemical and biomolecular structural characterization and spectroscopy. However, the interaction between light and chiral molecules is usually very weak, resulting in weak CD signals. To overcome this issue, researchers have proposed many artificially designed chiral nanostructures (often described as metamaterials or metasurfaces) to enhance the CD, such as helix [3] , oligomers [4] , twisted metamaterials [5] - [7] fish-scale metamaterials [8] , spiral [9] , Z-shaped chiral structures [10] , [11] , and so on. A few of these artificial metamaterials have been utilized to enhance chiral-selective field or detect the photocurrent [12] . Therefore, we can see that the interaction of CPL and chiral metasurfaces would play a crucial role for the plasmonic circularly polarized absorbers. Nevertheless, most chiral absorbers demonstrated so far are at gigahertz [13] - [15] and terahertz [16] , [17] frequencies. Furthermore, most of the aforementioned chiral metasurface absorbers are passive and their performance is only determined by their designed configuration. As a result, it is impossible to reconfigure the device without redesigning and repeating the entire fabrication processes. This will put a big hurdle for the future development that requires both passive and active devices. In this regard, it is highly desirable to develop actively reconfigurable metasurface absorbers that could be better suit the actual needs. For instance, the fine tuning of the absorption band via active control (i.e., external stimuli) could maximize the absorption efficiency at the desired wavelength range, which is hardly to achieve without experimental optimization due to the fabrication errors. The active tuning could significantly save labor and fabrication cost. Thus far, a few studies have emerged based on the active media, such as electro-optics, nonlinear optics, or gain material. Among them, liquid crystals (LCs) stand out due to their two main distinctive advantages: a) the fluid nature of LCs that provides great flexibility in device configurations and geometries; b) the fast response speed at millisecond (or even microsecond) scale that is usually faster than most conventional electro-optics devices. In addition, LCs also have low driving threshold, large birefringence and versatile driving methods, which are particularly favourable for active plasmonics [18] , [19] . Up to now, both electrical [20] - [27] and optical tuning [28] - [31] of plasmonic properties have been demonstrated by utilizing the LC molecules' reorientation.
In this paper, we propose and demonstrate theoretically a reconfigurable chiral metasurface absorber in the near-infrared range. The proposed chiral metasurface absorber has a highly spinselective absorption behavior, meaning that it can almost absorb one designated CPL state and reflect the other opposite state. By controlling the alignment of the insulator (LCs) from 0°to 90°, the reflecting and absorbing behaviors can be completely flipped, hence resulting in an inversed CD as well. Such novel reconfigurable absorbers could find many potential applications in chirality detection/sensing, polarimetric imaging, and spin-orbit communications. Fig. 1 schematically depicts the structural configuration of the proposed chiral metasurface absorber. The chiral absorber is sandwiched with a metal-insulator-metal (MIM) structure on the quartz substrates. The building block unit consists of two L-shaped metallic resonators and a metallic mirror that are on top and bottom of the insulator layer, respectively. We exploit an active, anisotropic medium to serve as the insulator layer, which is a birefringent, nematic LC in our proposed chiral absorber. The refractive index of the used LCs can be tuned from 1.52 to 1.72 [32] . The incoming LCP or RCP light within the wavelength range of 900-1000 nm is normally incident onto the top side of the chiral metasurface. It is worth mentioning that in this simulation we have ignored the alignment layer of the LCs since the alignment layer is only few to few tens of nanometers thick.
Structure and Theoretical Analysis
As known, the electric field vector of the CPL can be decomposed into two orthogonally linearly polarized electric fields, which have a 90°phase difference [1] :
The equations show that the phase of E x is 90°behind of E y for the case of LCP and 90°ahead of E y for the case of RCP. Hence, we can further analyze the necessary condition to select the reflection for one designed state of circular polarization based on advanced Jones calculus. The incident and reflected fields can be related by reflection matrix R via advanced Jones calculus [33] :
r xx r xy r yx r yy
where E x i and E x r are the incident and reflected electric fields for the x-polarized direction, respectively. The y-polarized direction is in a similar fashion. The reflection matrix R c for a circular polarization state is as follows [34] :
r xx + r yy + i (r xy − r yx ) r xx − r yy − i (r xy + r yx ) r xx − r yy + i (r xy + r yx ) r xx + r yy − i (r xy − r yx ) (4)
From Eqs. (4) and (5), the '+' and '−' are defined as the clockwise and counterclockwise CPL with the view along +z-direction, respectively. And the reflection coefficient r L L (r RL ) is defined as the LCP (RCP) portion of the reflected light from the metasurface to that of the LCP light incidence, while r RR (r L R ) represents the corresponding inverse conversion of circular polarization. Thus, we can obtain all components of the RCP and LCP light from the plane wave. This working principle of the proposed chiral metasurface absorber is well carried out in our simulations, which is performed using the finite-difference time-domain (FDTD) method [35] .
As known, a phase delay will be induced as the CPL propagates in the birefringent LCs that will change the polarization state. The phase delay satisfies the following equation [36] :
where ϕ is the phase difference, λ is the wavelength of the incident light, h is the height of the LC [i.e., h 2 in Fig. 2(b) ] and n is the absolute value of the LC's birefringence.
Simulation Results and Analysis
In this paper, we define the CD as CD = |A L CP − A RCP | which characterizes the absorbance difference between LCP and RCP. Since the thickness of the gold mirror layer is much larger than its skin depth, the transmittance can be assumed to be zero. As a result, the CD can be also written as CD = |R L CP − R RCP |. For the enantiomer A and B, we can choose to obtain LCP or RCP light. It is straightforward that the geometric parameters of the designed nanostructure will have a strong impact on the chiral absorption properties. Fig. 2(a) and 2(b) respectively show the calculated CD as a function of the thickness of the gold top-layer h 1 and the LC layer h 2 in our interested wavelength range under the CPL illumination. We can see from Fig. 2 that the chiroptical resonance is strongly dependent on the thickness of the gold nanostructure and LC layer. It is understandable that the change of the thickness of the top gold nanostructure layer will lead to the wavelength shifting of the plasmonic resonance. Only in certain wavelength range, the light with the wavelength not only coinciding with the plasmonic resonance but also undergoing an exact π phase retardation, we can achieve the strongest CD. As a result, we observe a step-like behavior of the CD in Fig. 2(a) when we change the thickness of the gold nanostructure. Given the ease of fabrication, we have optimized the geometrical parameters of our design as the following in Fig. 1(b) : w 1 = 40 nm, w 2 = 52 nm, l 1 = 200 nm, l 2 = 90 nm, l 3 = 36 nm, h 1 = 63 nm, h 2 = 1220 nm, h 3 = 1000 nm, h 4 = 100 nm. The thickness of the gold mirror should be over its skin depth, which can guarantee to reflect all the incident light back. The period along the x-and y-axis are p x = 200 nm and p y = 300 nm, respectively.
With the given geometrical parameters, we further numerically investigate the chiroptical responses of the enantiomers A and B using the FDTD method. The entire structure was fully surrounded by air. The single unit metasurface nanostructure was simulated with periodic (x-and y-directions) and perfectly matched layer (PML) (z-direction) boundary conditions. The refractive index of the quartz substrate is 1.46. And the refractive index of the gold can be well described by the Johnson and Christy model [37] . A maximum mesh size of 5 nm was set for the simulation to ensure the calculation accuracy. The simulation results are shown in Fig. 3 . Fig. 3(a) and 3(b) show the circular polarization-dependent refection and CD of enantiomers A and B, respectively. We can see the enantiomers A and B have a strong CD response at the wavelength of ∼960 nm with the horizontal alignment of LCs. For either case, one spin state of circular polarization can be reflected more than 70%, while the opposite spin state can be absorbed over 80% by the hybrid MIM system. The achieved CD from the simulation is ∼70%, which is much higher than the reported work [15] . It is worth mentioning that the top gold nanostructure layer itself has no chiroptic effect due to the geometric symmetry. The CD effect in this system mainly results from the phase retardation caused by the LC layer.
To further understand the corresponding reflecting behavior, we carried out a detailed analysis regarding the LCP and RCP components (i.e., r L L , r RL , r RR , and r L R ) of the reflection spectrum for enantiomer A and B, as shown in Fig. 3(c) and 3(d) . We could only observe three calculated curves for the reason of r L R = r RL . For the designed nanostructure which possesses the mirror symmetry along the z-axis, it satisfies the following equation [33] :
r xx + r yy r xx − r yy + 2i r xy r xx − r yy − 2i r xy r xx + r yy From Fig. 3 (c) and 3(d), we can see that the cross-polarization conversion for LCP or RCP (r RL , r L R ) tends to be zero at the resonant wavelength. The reflection and absorption result mainly from r L L and r RR . To have an intuitive picture about the working principle of the metasurface, a comparative schematic drawing is illustrated in Fig. 4 . As seen from Fig. 4 , for regular metallic mirrors, an incoming CPL will completely reverse its spin state upon reflection (r L R = r RL 100%, r L L = r RR 0). By comparison, the metasurface with the structure Ent A (B) will maintain its initial state of circular polarization upon reflection. For Ent A (B), the incident LCP (RCP) light still keeps it original spin state upon reflection, while the incident light with the opposite RCP (LCP) is largely absorbed. These reflecting and absorbing behaviors can be attributed to the tailored, strong lightmatter interaction between the CPL and the designed metasurface nanostructures.
A distinctive advantage is that our proposed chiral metasurface absorber is reconfigurable by replacing the passive insulator layer with an active LC layer. As a result, we can tune the designed device to absorb either LCP or RCP via externally controlling the alignment of the LC molecules. Taking the structure Ent A as an example. In this work, the designed metasurface essentially utilizes the plasmonic resonances of the gold enantiomer nanostructures. It is well known that the plasmonic resonance is highly sensitive to the dielectric properties of the surrounding medium [38] . In our design, a widely used LC E7 [39] is exploited to serve as the insulator layer of the MIM system. The LC E7 has a birefringence of n = 0.2253 which its ordinary refractive index of n o = 1.5211 and extraordinary refractive index of n e = 1.7464 at 20°C. Considering the general strong anchoring at the interfaces, we assume that the birefringence of the LC is n o = 1.52 and n e = 1.72 in our simulation. The orientation of the LC molecules can be controlled by applying voltage to the conductive gold mirror. From Eq. (6), in order to inverse the LCP to RCP (or RCP to LCP) in the LC cavity, we need to set ϕ as π. The absorbed wavelength λ is 960nm. Hence, we can calculate and optimize the thickness of the LC layer to be 2440 nm. Given the reflection process, the height of the LC layer needs only half of the total thickness, i.e., h 2 = 1220 nm [ Fig. 2(b) ]. Fig. 5 (a) and 5(b) show the simulated reflection and CD spectra of the chiral metasurface absorber for an incident CPL at the homogeneous (horizontal) and homeotropic (vertical) alignment of LC molecules, respectively. The resulted CD spectrum with the change of the LC molecules' tilting angle is also depicted in Fig. 5(c) . The observed sharp change of the CD value in Fig. 5(c) is the result of the sign change of the CD, which happens at the ∼60°tilting angle of LC molecules. We can clearly see that the CD changes its sign from positive to negative when the tilting angle increases, meaning that the inversion of the spin state of the incident CPL takes place inside the LC layer, leading to absorption of the opposite CPL, which can be clearly observed from Fig. 5(a) and 5(b) . In addition, we can also see that the CD peak (corresponding absorption peak as well) red-shifts from 960 nm to 980 nm as the alignment changes from homogeneous to homeotropic. This is mainly attributed to the change of the LC's effective refractive index by the alignment, which further affects the plasmonic resonances of the metasurface nanostructure. Fig. 5(d) shows the polarization ellipse of the reflected light at the wavelengths of the CD peaks at the homogeneous and homeotropic alignment of LC molecules, respectively. It is worth mentioning that the homogeneous and homeotropic alignment can be easily realized by applying an external electric field on the LC layer.
The circular polarization-dependent light absorption and chiro-optical responses can be ascribed to the excitation of different plasmonic resonance modes in the metasurface. To clearly reveal the physical origins, the electric field, magnetic field, and charge distributions were calculated at the resonance positions for both alignment cases. Fig. 6 shows the calculated results at the Au nanostructure-LC interface. It is obvious that strong electromagnetic fields are located about the nanostructured Au for the incident CPL, which are also highly dependent on the CPL spin state. The chiroptical responses stem from the magnetic dipoles excited by the electric field component of light [40] . We attribute this strong electromagnetic field and current distribution to the enhancement of localized surface plasmon resonance at the metal (Au)-dielectric (LCs) interface, which causes to the specific absorption. Compared to the electric fields with the 0°and 90°alignment of LCs, they are almost identical for the CPL illumination with two opposite spin states. The little difference is attributed to the effect of the LC molecules' different orientation and the different refractive index. The reflection between the gold mirror and gold structure also enhance the specific CPL absorption. This actively controlled MIM system gives one great freedom to finely tune the CD/absorption/reflection spectrum to the specific CPL without redesigning and repeating the entire fabrication processes.
Conclusion
In summary, we have demonstrated a reconfigurable chiral metasurface absorber consisting of a MIM structure with the substrates. The metasurface absorber can strongly absorb a CPL of one spin state and reflects that of the opposite spin in the near-infrared range. With a LC medium serving as the insulator layer, we can then make the metasurface absorber reconfigurable by externally controlling the LC alignment. The simulation results have shown that the reconfigurable chiral metasurface absorber has excellent performance with >70% refection, >80% absorption and ∼70% CD for CPL incidence. More importantly, the CD of the proposed system can change its sign reversibly in between the homogeneous and homeotropic states of the LC layer. The design of the proposed metasurface absorber is simple and compact, which is favorable for easy fabrication and integration. Such reconfigurable chiral metasurface absorbers could find many potential applications in biological detection/sensing, polarimetric imaging, and optical communication.
